The time-mean and interannual variability of the interface between the Indian summer monsoon and East Asian summer monsoon (IIE) was assessed using both Max-Planck-Institute Earth System Model (MPI-ESM) and ECHAM5/MPI-OM and by calculating diagnostics and skill metrics around the IIE area. Progress has been made in modeling these aspects by moving from ECHAM5/MPI-OM to MPI-ESM. MPI-ESM is more skillful than ECHAM5/MPI-OM in modeling the time-mean state and the extreme condition of the IIE. Though simulation of the interannual variability significantly deviates to some extent in both MPI-ESM and ECHAM5/MPI-OM, MPI-ESM-LR shows better skill in reflecting the relationship among sea surface temperature anomalies over the Pacific, circulation anomalies over East Asia, and IIE variability. The temperature becomes warmer under the RCP2.6 and RCP8.5 scenarios in comparison with the historical experiments, but the position of the IIE and the key physical process in relation to the IIE variability almost remains the same, suggesting that the Indian summer monsoon tends to change in phase with the East Asian summer monsoon under each RCP scenario. The relatively realistic description of the physical processes modulated by terrain in MPI-ESM may be one of the most important reasons why MPI-ESM performs better in simulating the IIE.
Introduction
The Asian monsoon influences more than 60% of the world's population, through controlling droughts and floods, and plays a key role in the Earth's climate system (Flohn, 1957; Ding, 1994; Webster et al., 1998; Huang et al., 2012; Wu et al., 2012) . Since the Asian monsoon varies greatly on multiple temporal and spatial scales, the performance of simulating the activity of the Asian monsoon has become one of the most important indicators to assess the quality of a numerical model. ECHAM5, released in 2003, has been extensively used in studying the variation of the Asian summer monsoon because of its high simulation efficiency (Roeckner et al., 2003 (Roeckner et al., , 2006 Marsland et al., 2003) . For example, Annamalai et al. (2007) studied the relationship between the Indian summer monsoon and ENSO with ECHAM5/MPI-OM. Li and Zhang (2009) found that ECHAM5/MPI-OM simulates the wind onset of the Asian summer monsoon reasonably * Corresponding author: Jie CAO Email: caoj@ynu.edu.cn well. Lu and Fu (2010) compared 12 CMIP3 models including ECHAM5/MPI-OM. They found that these models can successfully reproduce the essential features of the present-day interannual variability in rainfall-related circulations. Xie et al. (2009) introduced the Indian Ocean capacitor effect on the Indo-western Pacific climate using ECHAM5. Zhou et al. (2009) tested the ability of ECHAM5 and 10 other GCMs in capturing the leading modes of the interannual variability of the Asian-Australian monsoon. Zhao and Fu (2010) found ECHAM5/MPI-OM can reproduce the general distributions of precipitation, specific humidity and wind vectors for the years 1978-2000. Huang et al. (2014) pointed out that a new global climate model integrating ECHAM5 with Nucleus for European Modelling of the Ocean (NEMO) can successfully capture the distribution of SST, precipitation, the seasonal cycle of equatorial Pacific SST and precipitation, and the circulation of the East Asian summer monsoon. The main interannual variations of the tropical Pacific SST, the East Asian and western North Pacific climate, and the East Asia-Pacific Pattern and El Niño, are reproduced well. In 2012, MPI-ESM, whose atmospheric component is ECHAM6, was released by the Max Planck Institute for Meteorology in Germany (Giorgetta et al., 2013) . The land surface model (JSBACH) was extended by dynamic vegetation, for climate-consistent development of the geographic distribution of vegetation (Brovkin et al., 2009; Reick et al., 2013) . The surface albedo scheme was improved to use a weighted average of the ice albedo and the water albedo, depending on solar zenith angle (Roeckner et al., 2012) . The representation of shortwave radiative transfer, the height of the model top, model tuning and convective triggering have also changed in ECHAM6 (Hagemann et al., 2013; Stevens et al., 2013) . These changes lead ECHAM6 to provide a better representation than ECHAM5 of the mean climate (Stevens et al., 2013) . For the ocean model, some improvements have been made in MPI-ESM-MR, including increased vertical resolution, while in MPI-ESM-LR it remains the same resolution as ECHAM5/MPI-OM (Jungclaus et al., 2013) .
It is widely accepted that the Asian summer monsoon has two subsystems: the Indian summer monsoon system (Krishnamurti and Bhalme, 1976) and the East Asian summer monsoon system (Tao and Chen, 1987) . There is an interface between the Indian and East Asian summer monsoons, referred to as the IIE (Jin and Chen, 1982; Lau and Li, 1984; Zhu et al., 1986; Tao and Chen, 1987; Ding, 1994; Wang and LinHo, 2002) . Cao et al. (2012) N, 99.32 • E) at 600 hPa, and its variability can be quantified by the IIE index. As the IIE is a variable that describes the interaction between the East Asian summer monsoon and Indian summer monsoon, simulation of IIE variation may be crucial in understanding the impact of the two monsoon subsystems on local weather and climate. If the temporal and spatial evolution of the IIE can be better reproduced in GCMs, the skill of numerical models in simulating the Asian summer monsoon may also be improved. However, the performance of both ECHAM5/MPI-OM and MPI-ESM in simulating the IIE is not yet clear. The aim of this study, therefore, was to establish whether MPI-ESM can provide a better representation in modeling the IIE, and, if this is the case, then also determine the kinds of improvements that can be achieved.
The remainder of this paper is organized as follows: The model and observation data are described in section 2. In section 3, the abilities of ECHAM5/MPI-OM, MPI-ESM-LR and MPI-ESM-MR to reproduce the mean state of the atmospheric reanalysis data of the equivalent potential temperature around the IIE are analyzed. Section 4 investigates the capabilities of the three numerical models to represent the mean state and extreme condition of the IIE. The relationship between SST, circulation and middle-upper troposphere anomalies with IIE interannual variation is also discussed. The future changes of the IIE under the RCP2.6 and 8.5 scenarios are explored in section 5. A summary and discussion are provided in section 6.
Model and data
Three models-ECHAM5/MPI-OM, MPI-ESM-LR and MPI-ESM-MR-were employed in this study. In MPI-ESM-LR, the GCM, ECHAM6, is run at T63 horizontal resolution (approximately 1.875 • on a Gaussian grid) with 47 hybrid sigma-pressure levels, and the ocean circulation model, MPI-OM, is run at a 1.5 • horizontal resolution (near the equator) and 40 z-levels in a bipolar grid. In MPI-ESM-MR, ECHAM6 is run with 95 hybrid sigma-pressure levels with the same horizontal resolution as MPI-ESM-LR, and MPI-OM is run at 0.4 • horizontal resolution with the same vertical levels as MPI-ESM-LR. The top of the GCM reaches 0.01 hPa in both MPI-ESM-LR and MPI-ESM-MR. ECHAM5/MPI-OM has the same horizontal resolution as MPI-ESM-LR, except the 31 vertical levels of the GCM extend only to 10 hPa in ECHAM5. Further details of the three models can be found in Stevens et al. (2013) , Jungclaus et al. (2013) , Reick et al. (2013) and Ilyina et al. (2013) . The model data were downloaded from http://www-pcmdi.llnl.gov/ and https://esg.llnl.gov:8443/.
The 20th century reanalysis data (version 2) were provided by NOAA/OAR/ESRL Physical Sciences Division for the summers (June-July-August; JJA) (Whitaker et al., 2004; Compo et al., 2006 Compo et al., , 2011 . The resolution of the reanalysis data is 2 • × 2 • and there are 16 pressure levels from 1000 to 200 hPa. The SST data were from ERSST.v3b (Smith et al., 2008) . The resolution of the SST data is 2 • × 2 • on a latitude-longitude grid. The study area was selected as (16 • -30 • N, 90 • -110 • E). The historical run spanned a total of 27 years from 1979 to 2005, and the future scenario runs spanned from 2006 to 2100. The IIE data were provided by Cao et al. (2012). 3. Comparisons of the longitude-pressure section of equivalent potential temperature between observational data and modeling data around the IIE area Figure 1a shows that the observational summer equivalent potential temperature along 21.45 • N has a typical saddleshaped pattern. The equivalent potential temperature at the same isobaric level has a low-high-low pattern with an increase in longitude. The equivalent potential temperature at the same longitude features a high-low-high pattern as air pressure decreases. Two high centers with values above 351 K occur at the lower and mid-high levels of the troposphere, respectively. The saddle-shaped pattern of equivalent potential temperature is reproduced well in the three models but with different levels of superiority. For the positions of the two low centers around the mid-troposphere, the modeling results of both MPI-ESM-MR and MPI-ESM-LR are more accurate than those of ECHAM5/MPI-OM (Figs. 1b and 1c) . However, for the intensity of equivalent potential temperature, the modeling result of ECHAM5/MPI-OM is closer to observations. The negative deviations appear at the mid-high 
Comparisons of the IIE state between ob-
servations and simulations
Position of the IIE
According to the definition of the IIE developed by Cao et al. (2012) (the surface where the change of the equivalent potential temperature, θ E , with respect to the longitude, λ , is zero, i.e., ∂ θ E /∂ λ = 0), we obtained the modeled IIE position along the Earth's surface, averaged over 1979-2005, in MPI-ESM-MR, MPI-ESM-LR and ECHAM5/MPI-OM (Fig. 3a) . Figure 3a shows that at the Earth's surface the IIE is distributed around 100 • E with a wavy pattern. The normal Figure 3b shows that the negative anomalous position of the IIE is reproduced by the three models, but they are situated more westward than observed. The deviation in modeling the wavy pattern of the IIE's change with latitude is largest in negative anomaly years, followed by normal and positive anomaly years. The simulated pattern of the positive anomalous position of the IIE mirrors the negative condition to some extent. The three simulated positive anomalous positions are situated more eastward than in the observation. The wavy pattern of the IIE's change with latitude in the positive anomalous condition is reproduced well (Fig. 3c) . The corresponding Taylor diagram (Fig. 4 ) quantitatively shows the capacity of the three models in simulating the IIE position. The evaluation results presented in Fig. 4 coincide with the results in Fig. 3 . The models best simulate the positive anomalous position of the IIE, followed by the normal position of the IIE, and then the negative anomalous position of the IIE. However, even the lowest correlation coefficient (0.75) passes the significance test at the 99% confidence level. If we consider all three conditions of the IIE position together, it is apparent (Fig. 4) that MPI-ESM-LR has the highest capacity in simulating the IIE position, because the distance between the evaluation and the observational points is the shortest. MPI-ESM-MR takes second place. The capacities of the two new models are better than that of ECHAM5/MPI-OM. Figure 5a shows observed JJA SST anomalies (SSTAs) regressed onto the IIE index. The SSTAs are similar to the decaying phase of an El Niño event (or the developing phase of La Niña). Previous studies have indicated that the decaying phase of El Niño tends to intensify the western Pacific subtropical high (WPSH) (Huang et al., 1998; Chen, 2002; Sui et al., 2007) , which can result in an enhanced WPSH with a farther south position and stronger Mei-yu front appearing along the middle-lower reaches of the Yangtze River. An anomalous cyclone in relation to the stronger Mei-yu front further attracts the IIE to shift eastward (Cao et al., 2012) . All three models capture the decaying El Niño pattern. However, ECHAM5/MPI-OM overestimates the strength of decaying El Niño, while MPI-ESM-MR underestimates its strength. MPI-ESM-LR simulates the decaying El Niño pattern best among all three models. The fact that the results associated with ECHAM5/MPI-OM are quite different from those of the other two models may be caused by the large deviation in ECHAM5/MPI-OM in simulating the ENSO amplitude, which has been reduced in MPI-ESM (Jungclaus et al., 2013;  Stevens et al., 2013) . Actually, a general improvement from CMIP3 to CMIP5 models in their representation of ENSO's amplitude, spectrum, and life cycle is apparent (Guilyardi et al., 2012; Bellenger et al., 2014) . Figure 6 shows the mean state of zonal wind and its difference between the modeling results and observations at 850 hPa. In summer, the interface between the easterly and westerly flow appears east of 100 • E (Fig. 6a) (Fig.  3a) , suggesting the IIE position can be found in the observational zonal wind field. The modeling results reproduce this distribution characteristic but with a certain level of deviation. The position of the IIE varies significantly on the interannual time scale (Cao et al., 2012) . Figure 7a the southwesterly anomalies at the northwestern and western flank of the enhanced anticyclone appear between 20 • N and 30 • N. In the remaining area, the anomalous signals are not very significant. The enhanced anticyclonic pattern appears in all three modeling results. These results indicate that the three models can reflect the key physical process impacting the interannual variability of the IIE. There are, however, some deviations in the three modeling results (Figs. 7b-d) .
SST and circulation anomalies associated with IIE variability
The position of the enhanced anticyclone simulated by MPI-ESM-MR is located farther northward, with a center around 25 • N, and southwesterly anomalies over the northwestern flank of the enhanced anticyclone and easterly anomalies over the southern flank around the enhanced anticyclone are stronger than observed. The position of the enhanced anticyclone simulated by MPI-ESM-LR is similar to the observation. However, the southwesterly anomalies over the northwestern flank of the enhanced anticyclone are weaker, and the easterly anomalies over the southern flank around the enhanced anticyclone are stronger than observed. The position of the enhanced anticyclone simulated by ECHAM5/MPI-OM is more southerly, with its center around 16 • N, and both the southwesterly anomalies over the northwestern flank of the enhanced anticyclone and the easterly anomalies over the southern flank around the enhanced anticyclone, resembling the wind anomalies simulated by MPI-ESM-MR, are too strong in comparison with the observation. This difference is probably related to the overestimated ENSO SSTA in the relationship between ENSO and IIE in ECHAM5/MPI-OM. If we calculate the spatial correlation coefficients between the modeling results and observations around the IIE area (0 • -40 • N, 90 • -140 • E) for both zonal and meridional winds, MPI-ESM-LR obtains the highest correlation coefficients, with 0.65 for the zonal wind field and 0.67 for the meridional wind field. MPI-ESM-MR has the lowest correlation coefficients, with 0.52 for the zonal wind field and 0.62 for the meridional wind field, and the correlation coefficients associated with ECHAM5/MPI-OM are between those of MPI-ESM-LR and MPI-ESM-MR, at 0.64 for the zonal wind field and 0.55 for meridional wind field. Therefore, the circulation anomalies in relation to the IIE are best represented by MPI-ESM-LR among the three models. Figure 8 shows the geopotential height anomaly at 850 hPa regressed onto the IIE time series. The anomalous high with a center at around (20 • N, 130 • E) is consistent with the anomalous horizontal wind pattern around the same region (Figs. 7 and 8 ), suggesting that there is an enhanced WPSH. All three models capture the anomalous high over western Pacific. The maximum bias appears in ECHAM5/MPI-OM. However, while many areas pass the significance test at the 95% confidence level in ECHAM5/MPI-OM, these areasexcept those around the western Pacific-cannot be found in the observation. In general, compared with ECHAM5/MPI-OM, MPI-ESM has made progress, especially in reducing false circulation signals associated with the IIE variability. For the vertical mean temperature at 200-500 hPa (Fig.  9a) , a positive center appears at 30 • N in East Asia, which might be related to the diabatic heating contributed by the summer Mei-yu front Wu et al., 1999) . When the diabatic heating is stronger than normal along the middle-lower reaches of the Yangtze River, the IIE is farther east than normal, and vice versa. Compared to MPI-ESM-LR and ECHAM5/MPI-OM, MPI-ESM-MR best captures the observational pattern of the vertical mean temperature at 200-500 hPa. These results suggest that MPI-ESM-MR possesses a better simulation capability for the middleupper troposphere, possibly because of the higher vertical resolution of MPI-ESM-MR compared with MPI-ESM-LR or ECHAM5/MPI-OM. Figure 10 shows the simulated longitude-pressure sections of equivalent potential temperature (along 21.45 • N) under the RCP2.6 and RCP8.5 scenarios during JJA. In all the longitude-pressure sections (Figs. 10a-e) , the equivalent potential temperatures exhibit a typical saddle-shaped pattern with the lower centers positioned around 100 • E, as in the historical experiment. Under the RCP2.6 scenario, the equivalent potential temperature tends to become warmer than the historical temperature at all isobaric surfaces, with more significant warming below 600 hPa. In comparison with the equivalent potential temperature under the RCP2.6 scenario, under the RCP8.5 scenario, the warming tendency of equivalent potential temperature is similar to that under the RCP2.6 scenario but with a different warming pattern: the relatively weak warming band (below 5 K) appears around the middle troposphere in both MPI-ESM-MR and MPI-ESM-LR. Figures 10c and f show that the equivalent potential temperature difference between RCP8.5 and RCP2.6 almost shares the same pattern: the equivalent potential temperature below 700 hPa becomes warmer than that above 700 hPa; namely, the positive difference has a stratified structure. The longitude-pressure sections of JJA equivalent potential temperature along five other latitudes (figures omitted) also share the similar pattern as Fig. 10 . Figure 11 shows the IIE's position averaged from 2006 to 2100 under both the RCP2.6 and RCP8.5 scenario. The IIE's position and its spatial structure under the RCP2.6 and RCP8.5 scenarios are generally similar to those in the historical experiments. These results, obtained by both MPI-ESM-MR and MPI-ESM-LR, suggest that global warming may not significantly change the IIE's position; namely, the IIE's mean distributions are insensitive to global warming.
Future projections using MPI-ESM

Position of the IIE
Mean state of SST and circulation
The mean state of SST averaged from 2006 to 2100 under the RCP2.6 and RCP8.5 scenarios is displayed in Fig. 12 .
The SST mean states of MPI-ESM-LR and MPI-ESM-MR show an overall warming trend, with generally more warming in the RCP8.5 scenario (around 2 K) than the RCP2.6 scenario (around 1 K), but the spatial distributions of SST are similar. Figure 13 shows the mean state of horizontal wind at 850 hPa under the RCP2.6 and RCP8.5 scenarios. As with the spatial distributions of the SST mean state, the spatial distributions of the mean states of horizontal wind at 850 hPa share a similar pattern. In Asia, the easterlies are intensified in the tropical Pacific (within 2 m s −1 ) and the westerlies are intensified in the tropical Indian Ocean (within 2 m s −1 ). This implies that the East Asian summer monsoon and Indian summer monsoon consistently enhance under the RCP2.6 and RCP8.5 scenarios. These results associated with the horizontal wind at 850 hPa suggest that the overall SST warming may not significantly change the mean state of horizontal wind at 850 hPa. Figure 14 shows the JJA SSTAs regressed onto the IIE time series under the RCP2.6 and RCP8.5 scenarios. The results show that a developing La Niña SSTA pattern appears under the RCP2.6 and RCP8.5 scenarios, suggesting that the relationship between SSTAs and the IIE remains unchanged against a warmer climate background. As with the historical experiments, the negative SSTAs over the tropical Pacific in MPI-ESM-LR are stronger than those in MPI-ESM-MR. Figure 15 shows the averaged 850 hPa zonal wind under the RCP2.6 and RCP8.5 scenarios. Basically, the projected wind field under both scenarios has a very similar distribution to that of the historical experiments in all four experiments (Figs. 5 and 15 ). These patterns are consistent with the results that the IIE position in future projections shares a similar pattern with the historical experiments, implying that the zonal thermal gradient in this domain would not be significantly changed under global warming. Figure 16 shows the future projection of 850 hPa horizontal wind anomalies under the RCP2.6 and RCP8.5 scenarios. The results indicate that the enhanced anticyclone around 20 • N in East Asia will still be the major circulation feature associated with the IIE variability in the future. The 850 hPa geopotential height anomalies associated with the IIE variability in the observation and historical experiments is not reflected in the future projections (figures omitted), possibly because of the influence of global warming (Yang and Sun, 2003; Lu et al., 2008) . The future projected vertical mean temperature anomalies at 200-500 hPa are shown in Fig. 17 . A significant positive center is located around 30 • N in South China and a significant negative center is located around Indonesia in MPI-ESM-MR under RCP2.6. The future projection of vertical mean temperature anomalies in MPI-ESM-MR is generally similar to the observational results, but with larger negative anomalies than those seen in the historical experiments. In MPI-ESM-LR, the positive anomaly center does not appear, and the negative anomaly center moves farther west than MPI-ESM-MR, which resembles the results of MPI-ESM-LR in the historical experiments. Under RCP8.5, the magnitudes of the 200-500 hPa mean temperature anomalies are obviously larger than those under RCP2.6. However, these anomalous centers do not pass the significance test at the 90% confidence level in both MPI-ESM-LR and MPI-ESM-MR, suggesting that the relationship between the IIE and middle-and high-level temperature may change significantly under stronger global warming.
SST and circulation anomalies associated with IIE variability
Summary and discussion
In this study, the capacities of MPI-ESM-LR, MPI-ESM-MR and ECHAM5/MPI-OM in modeling the variability of the IIE were investigated with their integrated data from 1979 to 2005. Among the three models, MPI-ESM-LR outperforms the other two models for most of the diagnostics. In comparison to the 20th century reanalysis data (version 2), the IIE's position is located around 100 • E under normal conditions and the position under extreme conditions is reproduced by the three models. The three models also reflect the key physical process: when the decaying phase of El Niño appears, an enhanced WPSH will occur with a farther south position, and a significant anomalous cyclone controls the middle-lower reaches of the Yangtze River, which further results in a farther east position of the IIE. When the decaying phase of La Niña appears, the opposite conditions will happen. The three models are sensitive to the different RCP scenarios. The equivalent potential temperature simulated by the three models is warmer under the RCP8.5 scenario than under the RCP2.6 scenario over the research domain, consistent with global warming. However, the saddle structure of the equivalent potential temperature vertical distribution is not sensitive to the RCP scenario used. This important feature directly implies that the IIE's position simulated under different RCP scenarios by the three models is similar, and almost remains the same as in their historical experiments. The SSTA-anomalous circulation patterns associated with the IIE variability under different future scenarios resemble their historical experiments, suggesting that the key physical process remains unchanged against a global warming background. Through studying global monsoon change in CMIP5, Lee and Wang (2012) found that the monsoon domain does not change appreciably, implying that the Indian summer monsoon tends to change in phase with the East Asian summer monsoon under each RCP scenario. This may be the main reason why the IIE only presents conspicuous variability on the interannual, but not on the interdecadal, timescale, in both the historical evolution and future changes of the IIE (Cao et al., 2012) .
Even so, the three models also produce errors in modeling the IIE's spatial distribution and the physical process associated with the interannual variability of the IIE. Importantly, the deviation between the IIE's position simulated by the three models and the observation generally become larger with latitude, increasing under normal and extreme conditions. If we compare the deviation for each condition, the maximum deviation appears under the condition in which the IIE is situated more westward than normal. The deviation under the normal position of the IIE varies less, and the minimum deviation occurs under the condition in which the IIE is situated more eastward than normal. Because the terrain becomes more complex with increasing latitude and longitude over the research domain, the error distribution suggests that terrain may be one of the most important factors impacting the formation of the IIE. The fact that the difference between MPI-ESM-MR and MPI-ESM-LR only manifests in the vertical resolution, and the physical processes modulated by terrain are described more realistically in MPI-ESM than in ECHAM5/MPI-OM, may also be used to interpret why the MPI-ESM-LR almost performs as efficiently as MPI-ESM-MR in modeling the IIE, but MPS-ESM presents higher efficiency than ECHAM5/MPI-OM. Meanwhile, the wavy pattern of the IIE is not sufficiently reproduced by the three models. All of these results imply that an appropriate increase in the horizontal resolution of a numerical model and an improvement in describing the physical processes associated with terrain may easily achieve a better result in modeling the spatiotemporal distribution of the IIE.
Through intercomparing the capacities of numerical models in simulating the Asian summer monsoon between CMIP3 and CMIP5, Sperber et al. (2013) demonstrated that there is a large deviation in the simulation of the WPSH, which, unfortunately, is one of the most important components of the East Asian summer monsoon system (Tao and Chen, 1987) . It significantly modulates the IIE's interannual variability: when the WPSH's position is more southward and westward than normal, the IIE will move more westward than normal, and vice versa (Cao et al., 2012) . Figure 7 shows almost identical results to these previous studies, suggesting that an improvement in the simulation of the WPSH may be an efficient way to further improve the performance of MPI-ESM in modeling the interannual variability of the IIE.
